Salicylate was hydroxylated by hydroxyl radicals formed in the system composed of hypoxanthine-xanthine oxidase and a ferrous iron salt. The hydroxylated products of salicylate, namely, 2,3-dihydroxybenzoate, 2,5-dihydroxybenzoate and 2,6-dihydroxybenzoate, were identified by thin-layer chromatography and high performance liquid chromatography (HPLC). The relative standard deviation was 7.98% (n=5) and the detection limit for 2,5-dihydroxybenzoate formed from salicylate was 0.555 ng/ml (S/N=3). This method was employed for the detection of hydroxyl radicals generated in polymorphonuclear leukocytes during stimulation by opsonized zymosan. The generation of hydroxyl radicals increased with increasing incubation period up to 40 min.
Oxygen, which is indispensable to living organisms, is converted into active oxygen species, such as the hydroxyl radical(•OH)"2, singlet oxygen('02)3, superoxide anion(02)4, hydroperoxy radical(H00) and hydrogen peroxide(H2O2), in the environment under conditions of stress.5 It has been suggested that active oxygen species are closely associated with various medical conditions: e.g., inflammation, immunity, cancer, cataracts and arteriosclerosis and aging.6? One active oxygen species, the hydroxyl radical, is attracting much attention as a possible factor in carcinogenesis and various aspects of cellular physiology.6'8 The hydroxyl radical has been detected by ESR spectroscopy after reaction with spin traps9 or by production of ethylene from methional10, but the former method requires special equipment and the latter method is less specific for the hydroxyl radical. The present paper describes a method for the detection of hydroxyl radicals by the hydroxylation of salicylate. The hypoxanthine-xanthine oxidase system was used for generation of superoxide anions, and hydroxyl radicals were generated in the presence of ferrous salts (the Haber-Weiss reaction). "12 The levels of hydroxylated products were determined by highperformance liquid chromatography (HPLC) with fluorometric detection. This method was applied to the assessment of hydroxylation in rat polymorphonuclear leukocytes (PMNL).
Experimental

Materials
Six-week-old Wistar male rats were used each weighing 350 -500 g. They were obtained from Saitama Experimental Animal Supply Co. Ltd., (Saitama, Japan).
Ethylenediamine Detection of hydroxyl radicals in the hypoxanthinexanthine oxidase system (standard procedure) The recommended standard procedure was as follows. To 0.5 ml of 5 mM salicylate, 1.0 ml of 3 mM EDTA, 1.0 ml of 1 mM ferrous sulfate, and 0.75 ml of 2.5 mM hypoxanthine in 150 mM potassium phosphate buffer (pH 7.4) were added. The reaction was initiated by addition of 30 µl of 6.7 unit/ ml xanthine oxidase. After incubation at 37°C for 50 min, 10 µl of the reaction mixture was directly injected into the HPLC system. 2,5-Dihydroxybenzoate in the reaction mixture was separated by HPLC and detected by its fluorescence at 460 nm, with excitation at 365 nm.
Conditions for thin-layer chromatography
The reaction mixture obtained by the standard procedure was spotted onto Silica gel G (Whatman MK6F) TLC plates, and developed with a mixture of benzene/methanol/acetic acid (45/8/4). Separated bands were visualized by treatment with iodine vapor or by use of UV detection.
Conditions for HPLC
Conditions for HPLC were as follows: column, LiChrosorb RP-18 (Merck Co., 5 µm, 150X4 mm i.d.); mobile phase, ethanol/ water (40/60) or ethanol/ water (10/90), plus 0.1% acetic acid, for fluorescence detection or UV detection, respectively; flow rate, 0.6 ml/ min; column temperature, 40° C.
Preparation of polymorphonuclear leukocytes13
After the administration of 1 / 10 volume (in 20 ml) per weight of rats (in 200 g) of 2% casein to the intraabdominal cavity of the rats, casein-induced peritoneal exudates were collected and centrifuged at 500Xg for 3 min. To the sedimented material, 0.2% sodium chloride was added for integration of erythrocytes, and then 1.6% sodium chloride was added for isotonicity. PMNL were obtained after centrifugation of the mixture at 200Xg for 5 min. Preparation for opsonization14 using zymosan was as follows. To 1 ml of the rat serum, 8 mg of zymosan was added. After incubation at 37° C for 30 min the serum was centrifuged at 1870Xg for 5 min. The solution obtained by washing the precipitate with Hanks solution, which is a saline solution with the pH adjusted to 7.4 with phosphate buffer, was used as opsonized zymosan.
Measurement of hydroxyl radicals generated by polymorphonuclear leukocytes One milliliter of Hanks solution was added to 1.0 ml of PMNL (101 cells per ml), and the mixture was preincubated for 5 min. Then 0.5 ml of 5 mM salicylate was added, and after 1 min, 1.0 ml of 5 mg/ ml opsonized zymosan was added. After incubation at 37°C for 40 min, the solution obtained by hydroxylation was analyzed by HPLC.
Results
Identification of the hydroxylated products of salicylate by TLC
The hydroxylated products of salicylate formed in the hypoxanthine-xanthine oxidase system were identified by TLC. Three spots, a, b and c, were observed, as shown in Fig. 1 Separation of hydroxylated products of salicylate by HPLC The hydroxylated products of salicylate formed in the hypoxanthine-xanthine oxidase system were analyzed Fig. 4 , the fluorescence intensity of the reaction mixture increased with increasing concentration of ferrous sulfate over the range of 0.1-1.0 mM and with an increasing amount of xanthine oxidase over the range of 0 -0.2 units. Figure 5 shows the effects of the duration of incubation on the hydroxylation of salicylate. The amount of 2,5-dihydroxybenzoate increased with the incubation time up to 40 min. After 40 min, a moderate increase of the reaction products was observed. Accordingly, the incubation time for the hypoxanthine-xanthine oxidase system was chosen as 50 min. The relative standard deviation and detection limit for 2,5-dihydroxybenzoate formed after an incubation time of 50 min were 7.98% (n=5) and 0.555 ng/ ml (S/N=3), respectively.
Effect of scavengers of hydroxyl radicals Table 1 shows the effects of various scavengers of free radicals on the hydroxylation by the hypoxanthine- xanthine oxidase system. Inhibition of hydroxylation was estimated from the amount of 2,5-dihydroxybenzoate formed. The strongest inhibition, 97%, was obtained after the addition of thiourea at 20 mM. Inhibition was also observed after the addition of glutathione and mannitol.
Detection of hydroxyl radicals in polymorphonuclear leukocytes
Hydroxyl radicals, formed in polymorphonuclear leukocytes as a result of stimulation by opsonized zymosan, hydroxylated salicylate.
Levels of 2,5-dihydroxybenzoate, one of the hydroxylated products were measured by HPLC with fluorescence detection. As shown in Table 2 , the amount of 2,5-dihydroxybenzoate increased with the duration of incubation up to 40 min.
Discussion
Richmond et al. 4 reported that two hydroxylated products of salicylate, 2,3-dihydroxybenzoate and 2,5-dihydroxybenzoate, could be detected in the hypoxanthine-xanthine oxidase system by GC with an electroncapture detector. In the present study, three hydroxylated products of salicylate, 2,3-dihydroxybenzoate, 2,5-dihydroxybenzoate and 2,6-dihydroxybenzoate were detected by HPLC with UV detection.
However, since hydroxyl radicals seem to be formed at low levels in biological systems, a highly sensitive method, using HPLC with fluorescence detection, is required for detection of such hydroxylated products. It is difficult to detect simultaneously 2,3-dihydroxybenzoate, 2,5-dihydroxybenzoate and 2,6-dihydroxybenzoate by use of fluorescence detection, because of differences of their optimum wavelength of excitation and emission. Therefore, 2,5-dihydroxybenzoate which is most strongly fluorescent, seems to be most suitable for detecting hydroxyl radicals. Fluorescence intensity of 2,5-dihydroxybenzoate was influenced considerably by the eluent of HPLC. Consequently, eluent of HPLC was used 40/60 as the ratio of ethanol to water 164 ANALYTICAL SCIENCES APRIL 1989, VOL. 5 containing 0.1% acetic acid. The limit of detection of 2,5-dihydroxybenzoate by HPLC with fluorescence detection, 0.555 ng/ ml (S/ N 3), was superior to that of the GC-ECD method.'s A strong inhibition by thiourea and glutathione of the hydroxylation was observed. This result was in agreement with the fact that the SH groups in thiourea and glutathione can react with hydroxyl radicals. 16 The present method was applied to the detection of hydroxyl radicals in rat polymorphonuclear leukocytes.'' Hydroxyl radicals generated by stimulation of the leukocytes with opsonized zymosan could be detected with high sensitivity. Accordingly, this method will be useful for studies of the mechanisms of inflammation's and cancer when levels of hydroxyl, radicals in the leukocyte are relevant.
